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Abstract. Rocks from three large (>100 2 km) 
tonalitic intrusions exposed in the San Jacinto 
Mountains of southern California show a restrict-
ed compositional range of between 63 and 68 wt J 
Si0 2 for all but volumetrically minor felsic dif-
ferentiates (with Si02•70 wt %). All rocks with 
less than 65.5 wt % Si0 2 show linear element-ele-
ment covariation. Felsic differentiates have 
characteristics (higher Si02 , K20, Rb, Ba, U; 
higher and variable rare earth elements) consis-
tent with derivation by in situ fractionation; 
rocks with between 65.5 and 70 wt J Si0 2 have 
intermediate characteristics and are interpreted 
as derived from liquids formed by mixing "primi-
tive" liquids with fractionated liquids within an 
intermittently recharged, continuously solidify-
ing magma chamber. Mafic inclusions extend the 
compositional trends of the mafic tonalites to 55 
wt % Si0 2 • The chemical variations of both in-
clusions and more mafic tonalites are interpreted 
as resulting from processes acting before injec-
tion of their parental liquids into the observed 
crustal magma chambers. Effects of chamber pro-
cesses are minor for all but the most felsic 
rocks. The major effect of recharge is to buffer 
the thermal and chemical properties of liquids 
within the magma chambers, yielding large volumes 
of relatively homogeneous tonalite. For those 
elem~nts where the bulk distribution coefficient 
is between about 0.5 and 2, concurrent recharge 
and solidification produces rocks that closely 
approximate the composition of the added li-
quids. Estimated Rayleigh numbers for these li-
quids are high (>1010), implying convection 
throughout much of the solidification history of 
each chamber. Existence of trace element varia-
tions within analyzed rocks imply that convection 
was not totally efficient at homogenizing the 
various batches of liquid added to each chamber. 
Introduction 
The chemical composition of an igneous rock is 
a complex function of the chemistry of its source 
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volume, of the conditions prevailing during par-
tial fusion, and of the effects of processes op-
erating during magma collection, transport, and 
solidification. Even so, study of the chemistry 
of granitic rocks has had tremendous influence on 
the development of current theories of granite 
(in the broadest sense) genesis [e.g. , Larsen, 
1948; Presnall and Bateman, 1973; Chappell and 
White, 1974; White and Chappell, 1977; Compston 
and Chappell, 1979; Collins et al., 1982]. This 
work has demonstrated that granitic rocks may be 
derived by partial fusion of materials with a 
wide variety of compositions, including many 
crustal rock types, and that the composition of a 
granite reflects the composition of its source 
volume or volumes to some degree. Magma chamber 
processes may modify source-related characterist-
ics, and it is toward the elucidation of the ef-
fects of such high-level processing that the work 
reported here is directed. 
This paper reports new chemical data for both 
igneous and metasedimentary rocks from the San 
Jacinto Mountains of southern California and con-
siders the geochemical effects of crystallization 
accompanied by episodic recharge in the dynamic 
magma chambers deduced from field observations 
[Hill, this issue; Hill et al. , 1985] . A third 
paper in this series describes strontium isotope 
heterogeneties within these rocks and uses these 
data to further limit likely processes within 
these large crustal magma chambers [Hill and 
Silver, this issue]. 
The geology of the igneous rocks of the San 
Jacinto Mountains is described by Hil~ [this is-
sue]. Briefly, three large ( > 100 km ) and many 
small plutons intrude older heterogeneous igneous 
and metasedimentary rocks. The small early in-
trusives span the compositional range olivine 
gabbro to granite. Three younger major tonalites 
are composed of relatively homogeneous tonal-
ite. Unit I was emplaced into igneous and 
quartz-rich metasedimentary country rocks; unit 
II was, in part, emplaced into unit I before com-
plete solidification of the older unit, and unit 
III, in turn, was emplaced before complete solid-
ification of unit II. Unit III is compositional-
ly zoned from a mafic tonalite rim (color index 
>15) to a felsic tonalite or K-feldspar-poor 
granodiorite core (colour index =10). All igne-
ous rocks were emplaced within a restricted time 
interval between 92 and 99 Ma (L.T. Silver et 
al., manuscript in preparation). 
Dark mafic inclusions of quartz diorite or 
tonalite are common within the three major tonal-
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ites; dykes of similar composition are also found 
but are more conunon within the more mafic, com-
monly marginal rocks. Field observation suggests 
that dykes of tonalitic composition are volumet-
rically more significant than are quartz dioritic 
dykes; they are, however, difficult to distin-
guish from their mafic tonalitic host. In 
places, dykes appear to be being broken up and 
redistributed to form linearly extensive inclu-
sion trains paralleling the pluton walls. This 
relationship has been interpreted as evidence 
that the dykes were conduits through which compo-
sitionally variable new material was intermit-
tently added to an inflating and solidifying mag-
ma chamber. 
This model for magma chamber inflation pre-
dicts considerable thermal and chemical buffering 
of liquids within the magma chamber by the epi-
sodic addition of new, hot, "primitive" materi-
als. This is in accord with the considerable 
mineralogical and petrographic evidence for ther-
mal and chemical buffering of the solidifying 
magma chambers described by Hill [1984, this 
issue]. 
Analytical Procedures 
A total of 104 igneous (including six inclu-
sions and two dyke rocks) and 11 metasedimentary 
rock samples from the San Jacinto Mountains have 
been analyzed for 11 major and 19 trace cations 
and for s, H20+, H20- and C0 2 • 
Approximately 500 g of rock chips randomly 
selected from a larger sample were powdered in a 
tungsten-carbide lined Spex-"Shatterbox." An 
aliquot of this powder was then analyzed by the 
methods of Norrish and Hutton [1969] and Norrish 
and Chappell [1977]. Major elements (Si, Ti, Al, 
Fe, Mg, Mn, Ca, K, S, and P) were determined by X 
ray fluorescence spectrometry of glass discs 
fused with lithium borate and doped with a La 203 
absorber [Norrish and Hutton, 1969]. Hygroscopic 
water (H 20-) was determined by weight loss at 
110°C for 2 hours. H2o+ and C0 2 were determined 
by firing at 1200°C for 30 min in a stream of dry 
nitrogen followed by collection on P205 and 
"carbosorb" respectively. Ferrous iron was de-
termined by titration of a boric-sulphuric-
phosphoric acid buffered solution with potassium 
dichromate following sample digestion in warm HF-
H2SO~ in a closed Pt crucible. Na was determined 
by flame photometry of an acidic solution using a 
Li internal standard. Trace elements (Ba, Rb, 
Sr, Pb, Th, U, Zr, Nb, Y, La, Ce, Nd, Sc, V, Cr, 
Mn, Ni, Cu, Zn, and Ga) were determined by XRF 
spectrometry on pressed powder pellets [Norrish 
and Chappell, 1977] using directly measured ab-
sorption coefficients for the heavier elements. 
Corrections are made for nonlinear backgrounds 
and interelement interferences. Limits of detec-
tion for each element are as outlined by Norrish 
and Chappell [ 1977] and precision for most ele-
ments is estimated to be better than ±5~. 
Most of the samples for which Rb and Sr con-
centrations were determined by XRF spectrometry 
have had Rb and Sr determined by isotope dilution 
mass spectrometry [Hill and Silver, this is-
sue]. Agreement for Sr is excellent, usually to 
better than ±2~. Analytical results for Rb are 
not quite as good; there appears to be a small 
unexplained interlaboratory bias between the two 
determinations, with the isotope dilution values 
being about 3~ higher than those obtained by XRF. 
Results 
Chemical data for igneous rocks are listed in 
Tables 1-3. Sample locations are shown on Figure 
1. The total range in Si02 for analyzed igneous 
rocks from the San Jacinto Mountains is 45.1-73.7 
wt ~. and demonstrates the wide variation present 
in the rocks of this area. The bulk of the rocks 
have a more restricted range in Si02, from 63 to 
68 wt ~ Si02. Samples from the major tonalites 
form a geochemically coherent group with a much 
smaller range in chemistry than the more diverse 
early intrusives. 
The metasedimentary country rocks are subdi-
vided into the Desert Divide Group, a sequence of 
quartz-rich schists and gneisses containing a 
considerable quartzite component, and the Windy 
Point rnetamorphics, consisting of interlayered 
plagioclase amphibolites, amphibolites, meta-car-
bonates and quartzo-feldspathic schists and 
gneisses. The Desert Divide Group rocks are 
characterized by low CaO, reflecting their almost 
plagioclase-free nature, and high Al 203 in the 
low-Si02 samples, a result of the clay-rich na-
ture of their mature sedimentary protolith. 
These rocks also have high Zr contents (o250-400 
ppm). The Windy Point metamorphics, in contrast, 
were derived from very immature sediments, and 
this is seen in their high CaO and relatively 
Al 203-poor compositions. Because work has been 
concentrated on the three major tonalite plutons, 
they will be discussed first. 
Ma lor Tonali tes 
Malor elements. The three major tonalite 
units are chemically similar. Si02 in all three 
Kilometers 
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MAJOR TONALITES 
Sample Localities 
Fig. 1. Palinspastic base showing pre-San 
Jacinto fault configuration of San Jacinto Moun-
tains and geochemistry sample locations. Palin-
spastic reconstruction after Hill [1984]. 
/0 
TABLE 1a. Major Tonalites 
Unit I 
Tonalites and Granodiorites 
LTS323 LTS215 LTS147 LTS319 LTS330 LTS220 LTS362 LTS325 LTS372 LTS324 LTS219 LTS150 LTS300 LTS299 LTS217 LTS321 
Si02 62.53 62.91 63.27 63.65 63.83 63.93 64.10 64.21 64.57 64.63 65.05 65.57 65.66 65.69 66.11 66.11 
Ti02 0.95 1.01 0.95 0.90 0.95 1.03 0.84 0.81 0.72 0.87 0.83 0.72 0.74 0.75 0.68 0.66 
Al203 17.07 16.75 16.76 17.16 16.72 16.60 16.56 17.33 17.09 17.15 16.10 16.70 16.57 16.43 15.65 16.57 
Fe203 1.55 0.89 0.90 0.86 1.33 0.85 1.32 0.62 0.31 0.63 1.32 1.14 0.93 0.86 1.08 0.68 
FeO 3.11 3.76 3.59 3.29 2.98 3.23 2.87 3.25 3.06 2.91 2.67 2.43 2.64 2.75 2.20 2.79 
MnO 0.07 0.07 0.06 0.06 0.07 0.06 0.06 0.07 0.06 0.06 0.06 0.05 0.06 0.06 0.05 0.06 :::c 
MgO 1.79 1.84 1.74 1.63 1.64 1.59 1.53 1.58 1.39 1.44 1.43 1.20 1.30 1. 27 1.13. 1.25 ..... ,_. 
CaO 5.46 5.51 5.27 5.40 5.29 5.40 5.04 5.18 5.05 5.23 4.62 4.66 4.55 4.48 4.16 4.48 ,_. 
Na20 3.85 3.72 3.83 3.91 3. 77 3.82 3.79 4.08 4.19 3.99 3.76 3.95 3.86 3.95 3.70 3.93 (1) ,..,. 
K20 1.70 1.84 1.86 1.76 1.83 1.79 1. 77 1.64 1.73 1.73 2.20 2.12 2.16 2.14 2.48 2.15 P> 
P20s 0.23 0.24 0.22 0.21 0.22 0.22 0.20 0.21 0.19 0.20 0.20 0.18 0.18 0.18 0.16 0.18 ,_. 
s <0.02 <0.02 <0.02 <0.02 <0.02 <0.02 <0.02 <0.02 <0.02 <0.02 <0.02 <0.02 <0.02 <0.02 <0.02 <0.02 
H20+ 0.95 0.87 0.90 0.80 0.85 0.69 0.95 0.76 0.79 0.74 0.79 0.75 0.92 0.62 0.77 0.64 ~ P> 
H20- 0.21 0.11 0.11 .011 0.22 0.09 0.15 0.11 0.10 0.12 0.19 0.05 0.16 0.15 0.17 0.11 ::I 
C02 0.10 0.10 0.21 0.09 0.05 0.05 0.12 0.10 0.27 0.17 0.34 0.10 0.08 0.15 0.18 0.08 c... P> 
rest 0.23 0.24 0.24 0.24 0.22 0.24 0.24 0.22 0.21 0.24 0.23 0.22 0.23 0.20 0.26 0.21 Q 
..... 
::I 
,..,. 
o-s 0 
1\J 
Total 99.80 99.86 99.91 100.07 99.97 99.59 99.54 100.17 99.73 100.11 99.79 99.84 100.01 99.68 98.78 99.90 . 
C') 
(1) 
Ba 770 755 695 865 735 725 990 735 720 915 765 740 805 585 1050 715 0 Q 
Rb 56 60 63 53 63 58 53 49 49 46 84 69 80 68 92 78 ::r (1) 
Sr 585 574 600 595 580 616 540 575 580 615 523 560 560 503 503 550 = .... 
Pb 8 9 8 9 9 12 8 9 11 9 13 9 12 10 13 12 (/) ,..,. 
Th 6.2 8.2 10.4 5.6 4.4 10.0 4.2 7.2 4.6 6.0 10.6 5.6 11.2 11.4 11.0 11.4 
., 
'< 
u 1.8 1.6 1.8 1.2 1.6 2.2 1.4 2.2 2.0 1.4 2.4 1.4 2.8 1.8 2.0 1.8 
Zr 191 189 200 177 196 187 166 134 150 152 199 157 178 189 183 165 
Nb 9.5 11.5 10.5 10.0 11.5 13.5 13.0 9.5 8.0 10.0 12.5 7.5 10.0 10.5 11.0 7.0 
y 13 15 15 13 14 17 25 13 14 13 17 10 13 16 14 7 
La 23 25 33 19 18 25 14 21 11 19 23 18 21 27 23 31 
Ce 49 55 74 43 42 59 38 45 31 46 58 38 47 62 56 59 
Nd 22 28 25 23 13 18 23 21 
Sc 9 9 9 7 8 8 8 9 8 8 8 7 7 6 6 6 
v 48 76 58 41 44 68 47 53 50 41 59 51 44 44 48 34 
Cr 11 19 24 14 15 14 8 14 10 15 16 11 8 11 23 13 
Mn 560 505 470 500 530 445 495 545 465 460 450 390 455 500 370 430 
Ni 2 7 8 3 2 3 <1 1 <1 3 5 5 2 3 6 2 
Cu 1 2 1 <1 2 1 <1 <1 <1 1 <1 1 3 2 1 <1 
Zn 118 109 114 106 106 101 107 107 99 98 104 92 101 106 92 96 ~ 0 
Ga 22.8 22.8 23.0 22.4 22.0 22.6 21.6 21.8 21.6 21.4 22.8 22.0 22.0 22.2 21.6 21.8 w 
IJl 
~ 
~ 
0 
TABLE 1a. (continued) w 
Ul 
('\) 
Unit I Unit II 
Tonalites and Granodiorites Mafic Inclusions Tonalites and Granodiorites 
LTS301 LTS361 LTS363 LTS218 LTS298 LTS322 LTS216 LTS320 LTS148 LTS287 LTS329 LTS289 LTS368 LTS328 LTS326 
Si02 66.56 67.67 68.07 69.44 69.56 70.06 48.89 55.42 62.66 63.79 64.18 64.90 65.01 65.35 65.58 
Ti02 0.66 0.61 0.56 0.49 0.46 0.49 1.98 1.24 0.95 0.85 0.83 0.88 0.81 0.73 0.82 
Al203 16.28 15.44 15.72 14.93 15.28 15.22 19.46 16.10 17.11 15.87 17.10 15.98 16.53 16.28 16.31 
Fe203 0.85 1.41 1.23 0.72 o. 71 o. 58 2.04 1.58 0.88 0.80 0.64 0.96 0.85 1.40 0.76 
FeO 2.37 1.78 1.64 1. 72 1.57 1.76 7.32 7.05 3.73 3.13 3.28 3.12 2.79 2.73 3.05 
MnO 0.06 0.05 0.04 0.03 0.04 0.04 0.13 0.16 0.06 0.06 0.06 0.08 0.06 0.07 0.06 
MgO 1.21 1.08 1.01 0.85 0.77 0.81 3.56 4.29 2.12 1.52 1.58 1.59 1.33 1.32 1.38 ::1: ..... 
CaO 4.26 3.69 4.25 3.32 3.51 3.34 6.80 7.58 5.52 4.67 5.24 4.81 4.85 4.55 4.61 
,_. 
,_. 
Na20 4.00 3.50 3.82 3.38 3.53 3.62 4.13 3.21 3.87 3.81 4.00 3.59 4.03 3.79 3.75 (1) 
K20 2.17 2.84 1.56 3.25 3.01 3.06 2.91 1.65 1.62 1.98 1.55 2.17 1.92 2.09 2.26 
,... 
P20s 0.17 0.14 0.12 0.11 0.11 0.11 0.44 0.22 0.22 0.19 0.20 0.21 0.19 0.18 0.18 I» ,_. 
s <0.02 (0.02 <0.02 (0.02 (0.02 (0.02 (0.02 0.02 (0.02 (0.02 (0.02 (0.02 (0.02 (0.02 (0.02 
H20+ 0.68 0.84 0.87 0.63 0.46 0.51 1.38 1.16 o. 71 1.03 0.82 0.93 0.79 0.87 0.75 en 
H20- 0.07 0.19 0.16 0.13 0.16 0.07 0.17 0.11 0.03 0.14 0.13 0.13 0.15 0.21 0.14 I» :l 
C02 0.13 0.13 0.10 0.33 0.15 0.12 0.12 0.15 0.09 0.32 0.18 0.14 0.06 0.10 0.15 c... 
0.19 0.24 0.20 0.31 0.31 0.22 0.33 0.25 0.25 0.23 0.22 0.24 0.23 0.20 0.24 I» rest Q 
..... 
:l 
O=S 
,... 
0 
Total 99.66 99.61 99.35 99.64 99.63 100.01 99.66 100.18 99.82 98.39 100.01 99.73 99.60 99.87 100.04 
1\) 
~ 
0 
940 
(1) 
Ba 515 1070 730 1640 1685 970 1095 745 930 750 760 830 785 695 0 Q 
Rb 78 94 48.5 89 74 91 111 45 49 72 48 71 62 79 89 ::r (1) 
Sr 505 493 550 513 521 426 582 491 622 502 600 517 570 468 525 a ..... 
Pb 12 14 8 15 11 15 9 6 6 11 8 11 10 11 13 Ill ,... 
Th 13.8 17.0 8.2 10.6 9.0 10.8 3.0 0.2 5.4 11.8 6.0 11.4 8.0 9.2 11.4 ., 
'< 
u 2.4 1.6 1.4 1.6 1.6 1.8 1.0 (0.2 0.8 2.8 1.2 2.4 2.6 2.0 3.6 
Zr 178 149 137 146 122 138 339 150 178 180 174 180 185 174 180 
Nb 10.0 7.5 5.0 8.0 7.5 9.0 17 .o 9.5 12.5 14.0 8.0 13.0 11.0 10.5 10.5 
y 12 8 4 8 7 13 26 24 16 19 10 22 16 18 17 
La 23 17 25 23 20 19 16 12 15 28 22 29 20 24 27 
Ce 49 35 55 48 41 40 40 41 38 62 43 63 48 50 59 
Nd 17 14 11 11 26 18 25 26 
Sc 6 4 3 4 5 5 21 20 9 8 8 8 7 8 6 
v 42 33 29 35 26 21 148 125 64 62 43 52 41 33 33 
Cr 14 13 10 14 12 8 8 110 16 19 13 19 7 11 9 
Mn 480 380 300 265 290 335 1015 1215 450 490 495 590 455 565 460 
Ni 4 (1 (1 4 2 (1 8 11 6 6 2 6 (1 2 1 
Cu 3 (1 5 1 9 (1 32 2 3 2 (1 2 (1 (1 (1 
Zn 94 91 76 68 60 62 213 202 110 107 108 102 100 100 98 
Ga 21.8 20.0 19.4 18.8 18.2 18.4 28.6 22.8 23.4 22.0 22.0 21.2 21.8 20.6 20.8 
TABLE la. (continued) 
Unit II Unit III 
Tonalites and Granodiorites Tonalites and Granodiorites 
LTS149 LTS327 LTS288 LTS376 LTS360 LTS290 LTS374 LTS369 LTS152 LTS335 LTS331 LTS151 LTS146 LTS373 
Si02 65.74 66.79 70.46 63.47 63.60 64.50 -64.68 64.99 66.08 66.53 66.67 66.72 66.79 66.83 
Ti02 0.72 0.66 0.41 0.81 0.80 0.77 0.77 0.73 0.69 0.62 0.63 0.63 0.59 0.53 
Al203 16.58 15.83 14.82 16.97 16.95 16.96 16.74 16.45 16.73 16.59 16.55 16.68 16.77 16.51 
Fe203 0.64 0.54 0.70 0.71 0.81 0.85 0.65 0.94 0.48 0.90 0.60 0.56 0.74 0.32 
FeO 2.87 3.17 1.18 3.17 3.27 2.88 3.06 2.76 2.75 2.27 2.56 2.62 2.41 2.47 
MnO 0.05 0.07 0.03 0.06 0.06 0.07 0.06 0.06 0.05 0.05 0.06 0.05 0.05 0.05 
MgO 1.29 1.16 0.69 1.48 1.44 1.44 1.43 1.42 1.24 1.13 1.13 1.12 1.07 0.97 
CaO 4.48 4.01 3.05 5.00 4.89 4.82 4.84 4.18 4.31 4.35 4.19 4.37 4.17 4.20 :c .... 
Na20 3.91 3.86 3.23 4.00 3.96 4.03 3.98 3.81 4.12 4.04 3.99 4.23 4.07 4.04 ... ... 
K20 2.41 2.65 3.89 2.11 2.13 2.04 2.01 2.21 2.06 2.11 2.30 1.88 2.23 1.89 ID 
P202 0.18 0.16 0.09 0.20 0.20 0.19 0.20 0.20 0.17 0.16 0.17 0.16 0.16 0.15 ~ 
s <0.02 (0.02 (0.02 <0.02 (0.02 (0.02 <0.02 (0.02 (0.02 (0.02 (0.02 <0.02 (0.02 (0.02 II> ... 
H20+ 0.60 0.65 0.53 0.77 0.81 0.89 0.75 1.16 0.61 0.68 0.63 0.66 0.70 0.69 
H2o- 0.08 0.08 0.21 0.13 0.09 0.11 0.10 0.37 0.06 0.12 0.10 0.04 0.05 0.08 (/) 
C02 0.15 0.15 0.13 0.14 0.09 0.19 0.07 0.12 0.10 0.07 0.11 0.08 0.08 0.14 II> :s 
rest 0.22 0.21 0.37 0.21 0.22 0.22 0.19 0.21 0.23 0.24 0.23 0.19 0.25 0.21 c.. 
II> () 
o-s .... :s 
~ 
0 
Total 99.92 99.99 99.79 99.23 99.32 99.96 99.53 99.61 99.68 99.86 99.92 99.99 100.13 99.08 
1\J 
Ba 815 845 2235 605 705 700 505 710 855 930 880 500 1025 665 Cl 
Rb 83 83 95 78 76 82 84 90 72 64 67 72 67 77 ID 0 
Sr 452 405 505 565 575 579 520 500 558 570 545 547 550 
() 
565 ::r 
Pb 10 14 19 11 12 12 12 11 10 11 11 8 9 12 ~ 
9.8 8.4 9.4 9.2 7.2 10.6 11.0 7.8 9.2 7.2 
.... 
Th 5.6 9.6 8.8 8.6 11.1 ~ 
u 2.4 2.2 1.6 2.8 2.8 2.4 2.6 2.4 2.2 1.6 1.2 1.8 1.8 2.0 ., 
'< Zr 186 179 107 195 186 180 184 176 162 168 165 170 165 186 
Nb 10.0 9.5 8.5 10.0 12.0 10.0 9.5 8.5 8.5 8.5 9.0 9.0 9.0 8.5 
y 19 26 10 11 21 11 14 12 9 13 13 14 14 12 
La 22 16 20 20 13 23 25 19 19 21 21 22 20 19 
Ce 50 43 46 38 31 49 52 36 41 43 45 48 46 43 
Nd 20 13 17 14 18 16 
Sc 6 7 4 8 8 7 7 7 6 6 6 6 5 6 
v 45 30 33 46 48 51 45 42 48 28 29 42 36 22 
Cr 16 10 9 10 10 13 9 9 17 12 12 10 10 8 
Mn 420 580 250 500 500 540 480 480 405 420 430 380 355 385 
Ni 5 <1 3 (1 <1 3 <1 <1 4 <1 1 4 3 1 
Cu 2 1 <1 3 <1 2 1 2 <1 (1 <1 <1 1 <1 
Zn 85 85 55 100 102 97 90 93 93 91 93 87 87 95 
Ga 21.2 19.4 17.4 23.2 23.6 23.0 22.0 22.0 22.2 21.4 21.6 22.0 21.8 21.8 0 
l.u 
1.11 
w 
0 
TABLE lb. Major Tonalites w 
U1 
""'" 
Unit III 
Tonalites and Granodiorites 
LTS370 LTS222 LTS371 LTS337 LTS336 LTS334 LTS333 LTS359 LTS375 LTS332 LTS366 LTS367 LTS145 LTS292 LTS365 LTS212 
Si02 66.91 66.92 66.96 67.02 67.06 67.07 67.14 67.17 67.24 67.63 67.68 67.79 67.90 69.16 69.83 70.11 Ti02 0.57 0.62 0.61 0.68 0.56 0.59 0.67 0.60 0.53 0.58 0.52 0.56 0.56 0.44 0.40 0.45 
Al2o3 16.37 16.26 15.99 16.46 16.52 16.22 16.08 16.15 16.13 16.17 15.99 15.63 15.41 15.51 14.95 15.02 
Fe2o3 0.85 1.32 0.60 0.59 0.50 0.58 0.69 0.55 0.58 0.64 0.70 0.64 0.68 0.70 0.54 0.57 FeO 2.16 1.97 2.41 2.49 2.41 2.81 2.66 2.58 2.38 2.26 2.16 2.36 2.23 1.84 1.81 1.91 
MnO 0.05 0.05 0.05 0.06 0.05 0.05 0.06 0.05 0.05 0.05 0.06 0.05 0.05 0.04 0.04 0.04 
MgO 1.01 1.11 1.12 1.10 1.06 1.19 1.22 1.10 1.03 1.04 0.89 0.98 1.94 0.78 0.69 0.76 X ..... ,_ 
CaO 3.96 4.26 4.20 4.29 4.28 4.12 4.15 4.13 4.18 3.92 3.54 3.80 3.75 3.20 2.98 3.08 ,_ 
Na2o 4.06 4.17 3.98 4.02 4.01 3.89 3.87 3.95 3.89 3.90 4.01 4.03 3.83 3.78 3.70 3.71 (1) K20 2.48 1.75 2.22 2.10 1.95 2.16 2.24 1.82 2.13 2.57 2.90 2.29 2.44 3.05 3.04 2.86 
('t' 
Ill 
P205 0.15 0.17 0.15 0.16 0.16 0.17 0.16 0.15 0.13 0.14 0.13 0.15 0.13 0.11 0.10 0.11 ,_ 
s <0.02 <0.02 (0.02 (0.02 (0.02 <0.02 (0.02 <0.02 <0.02 (0.02 (0.02 (0.02 <0.02 (0.02 (0.02 <0.02 
H20+ 0.77 0.76 0.66 0.63 0.68 0.69 0.62 0.74 0.67 0.65 0.64 0.76 0.74 0.76 0.64 0.64 fa1' H2o- 0.11 0.18 0.08 0.08 0.12 0.11 0.09 0.10 0.13 0.06 0.09 0.16 0.04 0.09 0.08 0.10 :s co2 0.11 0.22 0.13 0.03 0.17 0.15 0.07 0.11 0.10 0.11 0.09 0.05 0.17 0.19 0.14 0.12 c.. Ill 
rest 0.25 0.19 0.25 0.23 0.22 0.24 0.25 0.20 0.18 0.24 0.24 0.22 0.25 0.27 0.24 0.27 (') 
.... 
:s 
o-s 
('t' 
~0 
Total 99.81 99.95 99.41 99.94 99.75 100.04 99.97 99.40 99.35 99.96 99.64 99.47 100.12 99.92 99.18 99.75 
1\) 
C) 
1130 
(1) 
Ba 1090 435 1060 945 845 995 1060 680 600 1040 1010 805 1130 1325 1280 0 (') 
Rb 76 76 64 66 66 68 69 62 80 85 98 73 69 79 79 82 :::r (1) 
Sr 550 537 540 555 595 545 535 550 488 510 469 487 520 505 443 479 a 
.... 
Pb 13 10 11 11 12 10 11 10 14 15 14 11 10 13 13 13 en ('t' 
Th 8.6 11.2 8.8 6.6 6.0 8.4 7.0 6.8 11.0 8.2 11.0 8.8 9.0 10.8 11.0 14.0 ., 
'< 
u 2.0 1.6 1.6 2.4 1.4 1.2 1.6 1.6 2.0 1.8 2.0 1.4 1.4 1.4 1.4 1.4 
Zr 174 174 171 159 158 161 175 158 129 154 172 191 151 178 169 172 
Nb 9.0 9.5 9.5 11.5 6.5 7.0 10.0 10.0 7.0 9.0 9.0 10.5 7.5 7.5 7.5 8.5 
y 11 12 15 23 8 6 15 12 7 12 11 16 12 8 7 8 
La 22 23 22 16 15 28 20 20 18 19 24 24 20 22 25 26 
Ce 46 52 50 40 32 54 44 42 39 42 53 52 45 48 57 57 
Nd 18 15 15 18 
Sc 5 5 5 6 6 6 6 5 6 5 5 5 6 4 4 4 
v 30 45 34 28 26 30 31 32 32 27 26 30 38 22 17 31 
Cr 7 13 11 11 10 12 12 9 9 9 5 9 12 9 11 15 
Mn 395 375 405 435 375 425 440 375 405 400 430 415 370 340 335 300 
Ni <1 3 (1 1 (1 <1 1 <1 <1 (1 <1 <1 4 2 <1 5 
Cu (1 (1 <1 <1 (1 (1 <1 (1 <1 (1 3 <1 1 <1 (1 (1 
Zn 92 97 89 91 90 95 95 97 76 84 86 95 82 83 79 78 
Ga 21.2 22.8 20.4 20.8 20.4 20.8 20.8 22.2 19.8 20.8 20.8 20.6 20.2 19.8 19.2 19.8 
TABLE lb. (continued) 
Unit III 
Granodiorite Altered Mafic Inclusions Dyke Rocks 
- --
LTS358 LTS213 LTS297 LTS379 LTS291 LTS377 LTS378 LTS214 LTS221 
Si02 70.57 67.65 68.65 57.02 58.70 59.77 60.79 58.36 62.91 
Ti02 0.40 0.53 0.51 1.45 1.41 1. 26 .1.18 1.31 0.86 
Al2o3 14.79 16.45 15.70 16.55 17.18 17.38 17.01 18.29 16.17 
Fe2o3 0.44 0.50 0.64 1.66 1.95 1.06 1.38 1.70 1.37 FeO 1.50 2.31 2.22 5.53 3.79 4.21 3.87 3.96 3.45 
MnO 0.03 0.04 0.05 0.14 0.12 0.09 0.08 0.06 0.07 
MgO 0.71 0.94 0.81 3.13 2.21 2.16 2.24 1.80 2.05 
CaO 2.98 4.11 3.65 6.80 6.82 6.19 5.87 6.41 5.40 
Nat 3.15 4.14 3.79 3.76 4.08 4.03 3.77 3.99 3.48 :r ..... 
K2 3.64 1.80 2.36 1.69 1.45 1. 71 1.79 1.65 1.97 
,_. 
,_. 
P2o5 0.09 0.15 0.13 0.31 0.37 0.31 0.27 0.35 0.16 (1) 
s (0.02 (0.02 (0.02 (0.02 (0.02 0.02 <0.02 (0.02 (0.02 ("!" 
H20+ 0.63 0.68 0.64 1.12 0.98 1.01 1.08 0.93 0.96 
I» ,_. 
H2o- 0.13 0.08 0.12 0.11 0.19 0.14 0.20 0.26 0.24 C02 0.12 0.18 0.23 0.05 0.12 0.07 0.02 0.15 0.16 en 0.23 I» rest 0.31 0.21 0.20 0.21 0.26 0.26 0.33 0.19 ::l 
c.. 
O•S 0.01 I» () 
..... 
::l 
Total 99.49 99.77 99.73 99.52 99.58 99.66 99.81 99.55 99.44 ("!" 0 
fl.) 
Ba 1810 630 820 390 375 795 825 1095 570 C) 
Rb 80 86 96 78 64 65 69 44.5 80 
(1) 
0 
Sr 520 556 480 482 590 670 650 790 432 () ::!" 
Pb 14 14 16 9 11 8 7 (1) 7 12 a 
..... 
Th 7.0 12.0 16.0 1.0 3.4 4.2 3.8 7.2 17.2 Ill ("!" 
u 1.0 4.8 4.2 2.2 0.8 1.6 1.2 0.4 4.8 ., 
'< Zr 122 183 243 223 277 250 240 390 124 
Nb 7.0 10.0 9.5 11.5 14.0 11.5 9.5 14.5 9.0 
y 6 10 10 19 22 16 14 18 13 
La 17 24 30 17 11 21 26 33 23 
Ce 33 55 69 31 32 49 51 77 44 
Nd 19 22 21 31 14 
Sc 3 5 4 12 13 10 9 8 8 
v 19 33 19 108 69 65 68 61 83 
Cr 9 14 11 46 29 18 20 11 12 
Mn 235 305 375 1060 915 665 605 495 580 
Ni (1 3 1 6 7 1 2 6 6 
Cu (1 <1 (1 15 14 12 10 1 (1 
Zn 46 91 74 174 136 128 128 159 97 
Ga 16.6 22.4 20.2 22.8 23.8 23.8 23.2 26.8 20.8 ~ 0 
~ 
lJJ 
IJ1 
IJ1 
0 
TABLE 2._ Early Intrusives -w 
U1 
()"> 
TONALITE OF GRANODIORITE OF GRANITE OF 
SN<ll CREEK POPPET CREEK ISOLATED SMALL MASSES PENROD CANYON 
LTS302 LTS035 LTS317 LTS114 LTS381 LTS316 LTS211 LTS315 LTS382 LTS364 LTS318 
SiOz 63.21 63.98 63.77 67.42 62.59 63.04 68.91 69.61 73.12 71.92 73.70 
TiOz 0.96 0.97 0.75 0.52 0.85 0.82 0.44 0.40 0.24 0.19 0.09 
Al2o3 16.68 17.02 15.81 15.05 17.43 17.65 15.12 15.07 13.52 14.94 14.61 
Fe2o3 1.58 0.84 0.81 0.87 0.49 0.73 0.76 0.54 0.56 0.39 0.23 FeO 2.67 3.66 4.07 2.80 3.60 3.56 1.59 2.44 1.61 1. 36 0.86 
MnO 0.07 0.06 0.08 0.07 0.06 0.07 0.03 0.06 0.04 0.05 0.03 
MgO 1.61 1.66 2.39 1.60 1.65 1.60 0.71 0.87 0.37 0.35 0.16 
CaO 5.14 5.27 5.17 3.71 5.58 5.72 3.50 3.05 1.90 1.66 1.23 :c ..... 
Na2o 3.74 3.81 3.07 3.09 3.98 3.81 3.96 3.44 3.26 4.16 3.99 
..... 
..... 
KzO 1.95 1.84 2.53 3.62 1.50 1.56 1.78 3.52 4.12 3.42 4.25 co 
P205 0.21 0.24 0.12 0.09 0.21 0.21 0.11 0.07 0.05 0.05 0.04 
('1' 
0.02 (0.02 (0.02 II> s (0.02 (0.02 (0.02 (0.02 (0.02 <0.02 (0.02 (0.02 ..... 
HzO+ 1.26 0.70 0.89 0.72 0.89 0.75 0.62 0.58 0.49 0.54 0.28 
HzO- 0.25 0.04 0.16 0.14 0.09 0.09 0.21 0.12 0.12 0.08 0.09 ~ COz 0.20 0.01 0.13 0.18 0.20 0.11 0.06 0.14 0.19 0.15 0.09 :::l 
rest 0.27 0.24 0.20 0.20 0.21 0.20 0.21 0.20 0.17 0.15 0.11 c.. 
II> 
(') 
o-s 0.01 ..... :::l 
('1' 
Total 99.80 100.34 99.95 100.08 99.33 99.92 98.01 100.11 99.77 99.41 99.76 
:' 
1\) 
Ba 940 830 775 805 690 680 660 940 885 720 445 C'l co Rb 61 50 98 137 46.5 51 71 113 92 130 165 0 (') 
Sr 630 603 284 232 627 545 535 227 142 145 79 :::l' co 
Pb 11 11 11 18 7 9 10 13 11 22 25 5I .... 
Th 11.6 6.6 12.2 19.4 2.4 3.2 12.6 15.6 12.6 8.2 6.8 Cll ('1' 
u 2.4 1.6 2.0 2.2 0.6 1.2 3.4 1.4 1.2 2.4 1.6 ., 
'< 
Zr 186 162 169 166 158 149 218 143 141 107 71 
Nb 13.5 11.0 9.0 10.0 9.0 7.5 9.0 8.0 8.0 12.0 11.5 
y 28 20 25 20 12 11 11 13 13 12 13 
La 33 25 21 11 10 29 29 19 13 11 
Ce 82 58 51 61 26 25 65 56 52 26 22 
Nd 38 24 19 22 
Sc 8 8 14 9 9 7 4 6 5 4 3 
v 55 57 76 56 54 41 28 27 10 3 (1 
Cr 12 10 34 26 12 9 11 11 7 6 5 
Mn 520 455 640 560 495 545 255 465 340 390 255 
Ni 4 4 6 5 (1 1 4 (1 (1 (1 (1 
Cu 2 2 5 2 (1 3 (1 (1 (1 2 (1 
Zn 109 93 78 72 107 102 69 61 43 66 57 
Ga '2.0 21.4 17.6 17.4 22.0 22.0 21.6 16.6 15.8 17.4 18.0 
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TABLE 3. Small Intrusions From Around Tahquitz Peak 
RELATIVELY 
UNCONTAMINATED CONTAMINATED DIFFERENTIATES 
LTS314 LTS293 LTS271 LTS380 LTS383 LTS384 LTS311 LTS294 LTS295 
Si02 
Ti02 
Al203 
Fe2o3 FeO 
MnO 
MgO 
CaO 
Na2o 
K20 
P205 
s 
H20+ 
H2o-
C02 
rest 
Ba 
Rb 
Sr 
Pb 
Th 
u 
Zr 
Nb 
y 
La 
Ce 
Nd 
Sc 
v 
Cr 
Mn 
Ni 
Cu 
Zn 
Ga 
65.86 
0.71 
16.20 
0.73 
3.28 
0.07 
1.27 
4.43 
3.82 
2.18 
0.17 
(0.02 
0.75 
0.10 
0.19 
0.21 
99.97 
720 
81 
465 
11 
7.0 
1.8 
186 
10.5 
16 
18 
34 
8 
33 
11 
545 
1 
1 
98 
20.8 
66.70 
0.61 
16.04 
0.59 
3.33 
0.08 
1.21 
3.54 
4.35 
2.01 
0.12 
(0.02 
0.75 
0.09 
0.16 
0.15 
99.73 
410 
108 
267 
11 
13.2 
1.8 
126 
11.5 
12 
21 
46 
15 
5 
45 
11 
625 
4 
1 
103 
21.0 
65.95 
0.39 
17.24 
0.60 
3.59 
0.03 
0.29 
3.57 
4.66 
2.00 
1.08 
(0.02 
0.60 
0.11 
0.10 
0.46 
99.67 
2490 
76 
321 
7.2 
2.2 
489 
19.0 
21 
71 
163 
58 
34 
17 
13 
235 
5 
1 
123 
23.6 
67.89 
0.41 
15.47 
0.63 
3.43 
0.09 
0.39 
3.35 
4.42 
2.02 
0.11 
(0.02 
0.60 
0.10 
0.06 
0.49 
99.47 
3140 
39 
314 
8 
6.4 
1.8 
439 
11.0 
22 
44 
92 
11 
7 
9 
680 
(1 
2 
95 
20.2 
units varies from about 62.5 to 70.6 wt J. Rela-
tionships between major elements are remarkably 
systematic. Figure 2 shows Harker diagrams for 
selected major elements. Ti0 2 , Al 20 3 , Fe 20 3 , 
FeO, MnO, MgO, CaO and P20s all decrease linearly 
with increasing Si02 • The trend for MgO, how-
ever, shows a slight break in slope at about 66-
67 wt J Si02 • Na 20 increases slightly with in-
creasing Si02 , then falls rapidly in the few most 
felsic rocks. K20 shows considerable scatter, 
but with an approximate trend to increasing K20 
as Si0 2 increases. 
Although all three units overlap in chemical 
composition (but see below), samples from unit 
III are slightly more felsic and more homogeneous 
than are samples from the other two units. Near-
ly 60~ of analyses of rocks from this unit (and a 
comparable or larger area of outcrop) show an 
extremely restricted range in Si0 2 of 66.5-68.0 
wt ~. Only a relatively small proportion of the 
rocks sampled from the other two units (30%) have 
68.20 
0.34 
16.34 
0.96 
3.06 
0.17 
0.29 
3.05 
4.50 
1. 72 
0.05 
<0.02 
0.49 
0.06 
0.08 
0.29 
99.60 
1290 
56 
259 
15 
10.0 
3.4 
444 
13.5 
54 
49 
105 
15 
1 
9 
1340 
(1 
<1 
69 
21.0 
68.83 
0.30 
15.93 
0.61 
2.97 
0.14 
0.21 
3.02 
4.30 
2.30 
0.06 
(0.02 
0.51 
0.11 
0.18 
0.42 
99.89 
2550 
63 
282 
9 
4.6 
2.0 
377 
15.0 
30 
54 
119 
18 
<1 
12 
1050 
<1 
<1 
92 
19.8 
68.91 
0.44 
16.32 
0.35 
2.66 
0.05 
0.55 
3.44 
4.87 
1.39 
0.04 
(0.02 
0.49 
0.12 
0.18 
0.22 
100.03 
785 
52 
288 
9 
6.6 
1.0 
366 
12.0 
9 
39 
80 
14 
4 
11 
365 
<1 
<1 
109 
23.4 
59.91 
0.84 
16.48 
1.07 
5.99 
1.80 
1.80 
3.92 
3.77 
4.14 
0.20 
(0.02 
0.93 
0.10 
0.21 
0.28 
99.82 
1200 
151 
249 
16 
9.4 
1.2 
224 
19.0 
60 
17 
48 
24 
17 
69 
16 
1360 
4 
1 
164 
23.8 
78.53 
0.10 
11.84 
0.18 
0.56 
0.02 
0.14 
1.64 
3.07 
3.28 
0.03 
(0.02 
0.30 
0.06 
0.06 
0.15 
99.96 
855 
83 
193 
16 
7.2 
1.2 
61 
5.5 
8 
8 
18 
6 
1 
5 
7 
125 
<1 
5 
18 
17.8 
more than 66.5~ Si02 , consistent with field ob-
servations that they are generally a little more 
mafic than unit III. Units I and II also show 
restricted compositional ranges, with >60% of 
samples having between 63 and 66% Si02 • 
In general, the three units show a near com-
plete overlap in the ranges of their chemical 
compositions. There are, however, a few excep-
tions. Rocks from unit III generally have less 
Ti0 2 and more Al 20 3 and Na 20 for a given Si0 2 
content than do rocks from units I and II (Fig-
ure 2); rocks from unit III also show a much 
wider variation in K20 content at a given Si0 2 
than do rocks from the other two units. 
H2o+ correlates negatively with Si02 , as would 
be predicted from the decreasing abundance of 
hydrous phases as the rocks become more felsic. 
Values fall from around 1 . 0 wt % in the most 
mafic rocks to 0.5-0.6 wt % in the most felsic. 
Burnham [19791 estimates that a minimum of 3.0 wt 
% H20 in the liquid is needed before amphibole 
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Fig. 2. Harker diagrams for selected major elements. Squares, unit I; triangles, unit 
II; circles, unit III; crosses, inclusions; asterisks, dyke rocks; pluses, felsic dif-
ferentiates. 
will crystallize; as amphibole is a stable phase 
in all of these rocks, it is implied that a con-
siderable amount of water has been lost from the 
system during crystallization. 
Trace elements. Trace element correlations 
with Si0 2 show much more complex variation pat-
terns than do the more abundant components (Fig-
ures 3-5) . Ba, Rb, Pb, and Th show a general 
tendency to increase with Si02 , Sr and Zr de-
crease slightly, whereas Sc, V, Cr, Zn, and Ga 
show a pronounced linear decrease with increasing 
Si0 2 • U, Nb, Y, La, Ce, Nd, Ni, and Cu show no 
systematic variation with changing Si0 2 con-
tent. These variations are similar to those ob-
served in many other continental margin and is-
land arc suites [e.g., Bateman and Chappell, 
1979; Gill, 1981]. 
Felsic "differentiates". Four samples were 
collected that are considerably more felsic than 
the typical surrounding rock. They are biotite-
poor (5-10%) and K-feldspar-rich (8-15%) relative 
to the common tonalites. Three of these samples 
(218, 288, 358) are from areas where schlieren 
are prominently developed, and field relations 
suggest that they are the products of crystal-
liquid separation (perhaps by flow differentia-
tion) at a relatively small scale (tens to hun-
dreds of meters). The fourth sample (322) is 
from a large mass of felsic rock (perhaps, 
50x1000 m) near the center of unit I. Although 
representative of the rock at the local scale 
(hundreds to a thousand meters), this sample is 
considerably more felsic than the bulk of this 
unit. Again, it appeared that crystal fractiona-
tion might be a viable mechanism for generating 
these centrally located more felsic rocks [cf. 
Bateman and Chappell, 1979], and this sample was 
collected in part to test this hypothesis. 
These four samples are distinguished on the 
various element-element diagrams. In the field 
there is an apparent complete gradation between 
these most felsic end-member compositions and the 
more typical tonalites. Relatively felsic rocks 
are overrepresented in the analyses in terms of 
relative abundances (although the central region 
of unit II I is relatively felsic), and this is 
reflected in an apparent high-Si0 2 group on the 
Harker diagrams. 
The geochemical effects of these high-level 
processes are best seen in the behavior of K and 
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Fig. 3. Harker diagrams for Zr, Nb, Sc, Y, Ce, and Ga. Symbols as for Figure 2. 
related elements (Rb and Ba). The four samples 
have, as expected from their mineralogy, high 
Si0 2 and K20. They also have high Ba {Ba in-
creases linearly with K), and K/Rb increases dra-
matically in the more K-rich rocks. This is the 
expected behavior where biotite is an important 
crystallizing phase, as it is in these plutons. 
The linear covariation of K and Ba, with Ba in-
creasing about 3 times more rapidly than K, ar-
gues that Ba is being relatively efficiently ex-
cluded from the minerals of the more mafic rocks 
{relative to K) and implies D~otite/lia < 2. 
This behavior is consistent with precipitation of 
the assemblage plagioclase + hornblende + biotite 
+ quartz + titanite leaving a liquid enriched in 
Si02 and Ba and, to a lesser extent, K. 
The geochemistry of these four samples is thus 
consistent with them having crystallized from 
evolved liquids formed by removal of the observed 
mineral phases from a less evolved earlier li-
quid; that is, they are the end products of frac-
tional crystallization processes acting within 
the solidifying magma chamber. They thus poten-
tially allow recognition of the effects of this 
process in less extreme cases. 
Mafic Inclusions and Dyke Rocks 
Field relations were interpreted by Hill [this 
issue] as showing that the common mafic inclu-
sions were derived from mafic dykes that were 
emplaced into the solidifying magma chamber, and 
that both dyke rocks and mafic inclusions repre-
sent samples of liquid {plus suspended crystals) 
added to the inflating magma chambers. The field 
relations thus imply consanguineity of dyke 
rocks, mafic inclusions, and tonalites. However, 
the dyke rocks and mafic inclusions sample li-
quids, whereas the tonalites are precipitates 
fractionated from these liquids. The lack of 
felsic, differentiated rocks and the close simi-
larity between tonalite compositions and any es-
timate for the bulk composition of each pluton 
suggest that the tonalites do closely approximate 
liquid compositions, perhaps with a small amount 
{=1~) of felsic liquid removed. 
Five mafic inclusions and a single mafic dyke 
rock have geochemical characteristics colinear 
with those of their host tonalites but are more 
mafic, spanning the Si0 2 range 55.4-60.8 wt ~ { cf. mafic tonal i tes 62.5-65.5) . A sample of 
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Fig. 4. Harker diagrams for Ba, Rb, Sr, Pb, Th, and U. Symbols as for Figure 2. 
tonalitic dyke rock has Si0 2 = 62.9 wt ~. and an 
overall composition that closely matches that of 
the mafic tonalites, further strengthening the 
inference that the tonalites closely approximate 
liquid compositions. The inclusion and dyke rock 
samples have geochemical characteristics that 
also strongly imply consanguineity, and they may 
represent samples of liquids containing various 
amounts of suspended crystals (particularly pla-
gioclase and hornblende) that were chilled upon 
introduction into the crystallizing magma cham-
ber. In particular, both analyzed dyke rocks 
contain abundant aligned plagioclase tablets, and 
the mafic dyke rock (214) is unusually plagio-
clase-rich (67 vol ~ plag). The chemical data 
for this sample (high Al 203 and Sr) reflect this 
plagioclase enrichment. 
A sixth mafic inclusion (216; not shown on the 
variation diagrams) is interpreted as a cognate 
inclusion; it appears to be part of a schliere 
reincorporated into the tonalite magma. With 
these exceptions, the mafic inclusion and dyke 
rock analyses cluster around the projection 
toward low Si0 2 defined by the trends of the to-
nalites. Thus either the compositions of the 
tonalites mimic those of liquids from which they 
solidified or the precipitation of more mafic 
minerals from a liquid to give a solid tonalite 
mirrors the fractionation trends of the evolving 
liquids (at least for the major elements), so 
that the composition of a particular tonalite 
approximates that of a liquid somewhat less e-
volved than the one from which it precipitated. 
The coherence of mineral chemical data between 
inclusions and tonalites [Hill, this issue] and 
their similar bulk Ca/(Ca + Na) and Hg/(Hg + Fe) 
would seem, at first glance, to preclude deriva-
tion of the tonalites from liquids having the 
compositions of either the inclusions or the to-
nalite dyke rock. However, a close chemical cor-
respondence between added liquid and derived 
rocks is a feature (under certain conditions) of 
the intermittently recharged, continuously solid-
ified magma chamber model developed below. 
Insufficient data are available to test rigor-
ously the extent of chemical interaction between 
inclusions and host rock. Several features of 
inclusions and dyke rocks (maintenance of dis-
tinct mineral compositions, maintenance of Sr 
isotope heterogeneity in some samples, general 
Hill et al.: San Jacinto, 2, Geochemistry 10,361 
MAJOR TONALIT£5 
160 12 
v • Ni 
• 120 9 
c 
• . 0 
0 
c 80 . • ,., .... c 6 
• 6 c Cll> 0 0 
• X X c6 c 
c q,o.~ m 0 + ~c~ ~0+ CDQI D CD + X c 
"" 
liD oc 
0 0 + o• . c 6 all 
40 3 
CJ>ai:D-----m.::ID-(1- + 
X Cr Cu 
90 15 
X . 
• 60 X 10 
c 
X 
30 X c 5 
X X 
c c 
.P~ .. c c 0 • rPo0 ott,~* . • cca aa m 0 o oomaca a + 
<>-<BI---0--
Mn Zn 
• 
1200 i"' X 180 
• • 
X X 
X X 
':.Po 
• o-~<\ oa> X r:P 46 4 
• 
.. ~~ + c+ 
Ojt + c "~ + 
800 
400 
120 
60 
55·0 60·0 65·0 70·0 60·0 
Si02 , wt% 
65·0 70·0 75·0 
Fig. 5. Harker diagrams for V, Cr, Hn, Ni, Cu, and Zn. Symbols as for Figure 2. 
absence of K-feldspar) imply limited, if any, 
chemical exchange with host liquids. The general 
geochemical similarity {of inclusion and host), 
and the large size of inclusions (to 1 m or more) 
and dykes (to 10 m) would also act to limit the 
rate and importance of exchange. 
Mafic Tonalites 
The more mafic tonalites show regular covaria-
tion of even the most incompatible elements; fel-
sic tonalites and granodiorite, and particularly 
the felsic differentiates co11111only do not. To 
illustrate this feature of these rocks, "mafic 
tonalites" are differentiated on Figures 6 and 7, 
plots of K-Rb, K-U, and ca-Sr. The subdivision 
(Si0 2 < 65.5~ for mafic tonalites) is an arbi-
trary subdivision of a continuum; nevertheless, 
it serves to illustrate graphically the point 
that the more mafic rocks have simpler geochemi-
cal interrelationships than do their more felsic 
counterparts. The felsic differentiates have 
geochemical characteristics most removed from 
those of the mafic tonalites; felsic tonalites 
and K-feldspar-poor granodiorites have intermedi-
ate characteristics (Figures 6 and 7). The mafic 
tonalites appear to approximate the compositions 
of new liquids added to the magma chambers. Mix-
tures of these new liquids (and suspended cry!'-
tals) with fractionated magmas already within the 
chambers give rise to "hybrid" magmas from which 
the mo_re Si02-rich rocks solidify. Direct evi-
dence (the analyses of inclusions and dyke rocks) 
shows that the liquids being added to the chamber 
spanned at least the Si02 range 55-63 wt ~; the 
trend of the mafic tonalites suggests that this 
range extends to at least 66 wt ~. The relative-
ly felsic bulk composition of the three major 
plutons (approximately 65-66 wt ~ Si0 2 ) implies 
that even more felsic liquids were being added. 
This is consistent with the range observed for 
the early intrusives (olivine gabbro to granite, 
although dominated by tonalite), which indicates 
that silicate liquids with a wide compositional 
range were moving upward through the crust imme-
diately prior to formation (and probably during 
growth) of the large tonalite magma chambers. 
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Once an horizontally extensive pool (or lens) of 
magma had formed, it would intercept any rising 
silicate liquid that reached it base, growing as 
it did so. More mafic liquids would be forced to 
crystallize on reaching the cooler magma chamber 
(producing the dykes, inclusions and more mafic 
tonalites); felsic liquids would be added to the 
slowly growing volume of differentiated material 
within the chamber, and intermediate liquids (of 
tonalite composition) would merely add to the 
increasing volume of magma of like composition 
and would slowly solidify as the thermal input 
from each new magma pulse dissipated. 
Fractionation and Solidification Within 
the San Jacinto Plutons 
The major aim of this project was to obtain 
data on the processes involved in the filling and 
solidification of these large exhumed crustal 
magma chambers. It was expected that the effects 
of these high-level processes would obscure the 
effects of processes operating on the silicate 
liquids prior to their injection into the inflat-
ing plutons. However, the realization that the 
compositionally variable inclusions and dyke 
rocks probably represent samples of these liquids 
[Hill, this issue] allows some inferences to be 
made about the earlier evolutionary history of 
these materials. Within the limits of the avail-
able data it appears that there is a change in 
the evolutionary trends for more mafic liquids at 
about 60 wt % Si02 • 
This difference in the apparent fractionation 
trend shown by the more mafic inclusions to that 
shown by the more felsic rocks is interpreted as 
resulting from differences in the fractionating 
phases. Within the liquids represented by the 
more mafic dyke rocks and inclusions, hornblende 
and plagioclase and perhaps quartz and ilmenite 
are the important early crystallizing minerals; 
biotite and titanite become important additional 
phases within the crustal magma chambers. The 
data for Al 20 3 and Na 20 are suggestive of a rela-
tively less important role for feldspar removal 
in the evolution of the mafic liquids (inclusions 
and dyke rocks); plagioclase accumulation is, 
however, a possibility. Trace element data are 
consistent with this suggestion; Sr and Ga, two 
elements removed during plagioclase precipita-
tion, apparently increase in abundance until the 
liquids reach about 60 wt J Si0 2 , at which point 
they begin to drop. The Cr data (Figure 5) are 
suggestive of removal of a Cr-rich phase early in 
the evolution of the more mafic liquids (Si0 2 < 
60 wt %) • If this phase was pyroxene, it has 
been completely removed from all studied samples 
by reaction with the evolving H20-rich liquids to 
give hornblende. Insufficient data on either 
liquid or mineral compositions are available to 
warrant detailed modeling of the evolution of 
these liquids prior to their injection into the 
observed magma chambers; however, the observa-
tions listed above suggest that most liquids in-
jected into the magma chamber are related by ini-
tial fractionation of mafic phases (hornblende 
and perhaps ilmenite, pyroxene, and plagioclase), 
with the more evolved ones (with Si0 2 > 60 wt %) 
having the effects of removal of a multiphase 
assemblage (plagioclase + hornblende + quartz + 
ilmenite + biotite) superimposed. 
The geochemical data are consistent with frac-
tionation within the magma chamber involving the 
observed mafic phases in their observed propor-
tions. In fact, except for K20 (and, to a minor 
extent, Na 20), the major element data define ex-
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Fig. 7. CaO versus Sr. Symbols as for Figure 
6. Mafic tonalites form a relatively tight lin-
ear array, felsic differentiates are displaced 
from this linear array, and other samples have 
intermediate characteristics. 
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cellent linear arrays between the most mafic to-
nalites, inferred to represent largely assem-
blages of early crystallizing phases, and the 
felsic differentiates, inferred to represent the 
residual liquids removed from these early solidi-
fication products. The scatter of K20 in part 
reflects its dependence on presence or removal of 
a single phase, biotite. Removal of biotite at 
the abundance levels of the more mafic tonalites, 
or of the schlieren, effectively prevents K20 
enrichment in residual liquids. Removal of only 
slightly less biotite than is present in the more 
mafic rocks allows K20 enrichment. Two fraction-
ation trends for K20 are thus possible, dependent 
on the delicate balance between the K20 content 
of a particular volume of liquid and the amount 
of biotite precipitated from that liquid incre-
ment. 
The mafic inclusions average about 1. 7 wt ~ 
K20; mafic tonalites are slightly more K-rich (averages 1.9 wt ~ K20). A typical mafic tonal-
ite with 15~ biotite and 5~ hornblende will con-
tain 1. 6 ~ K20 contributed by these two early 
crystallizing mafic phases and an additional 0.1 
~ K20 contributed by plagioclase. Removal of 
such a solid from the liquid resident in the mag-
rna chamber (with K20 = 1. 7-1.9 wt ~) will allow 
K20 in the residual liquid to increase only slow-
ly. As the importance of biotite and hornblende 
declines, removal of K becomes less efficient and 
the K20 content of the remaining liquid can in-
crease more rapidly. 
The removal of K by abundant early crystalliz-
ing biotite contrasts markedly with the case for 
the Tuolumne Intrusive Complex of the Sierra 
Nevada batholith (Figure 8) [Bateman and 
Chappell, 1979]. Here the early formed solids 
contain only 10-12~ biotite, and biotite abun-
dance decreases rapidly to 7~ or less. By the 
time K-feldspar becomes a phenocrystic phase the 
K20 content of the Tuolumne rocks has reached 
=3.5 wt ~. K-feldspar does not become a pheno-
crystic phase in any of the San Jacinto major 
tonalite units but does occur in the small Grano-
diorite of Apple Canyon, which has 3.5 wt ~ 
K20. The bulk K20 of San Jacinto (=2.0-2.2 wt ~) 
is much lower than that for Tuolumne (=3.4-3.6 wt 
~). Because of this lower intrinsic K20 content 
and because of the relative importance of early 
K-rich precipitating phases, the plutons of the 
San Jacinto Mountains (and the Peninsular Ranges 
batholith in general) cannot differentiate to 
yield granodiorite-dominated magmatic series like 
the Tuolumne Intrusive Complex (and the central 
Sierra Nevada batholith in general). 
In summary, the simple element-element covari-
ation shown by the more mafic rocks (Si0 2 < 
65. 5~), the inclusions, and the dyke rocks are 
interpreted as resulting from fractional crystal-
lization of originally more mafic liquids (Si0 2 < 
55~) prior to introduction of these liquids and 
any suspended crystals into the magma chambers. 
The mineralogy involved was apparently simple and 
included hornblende and plagioclase and perhaps a 
pyroxene. Once the level of the crustal magma 
chambers had been reached, blot i te and titanite 
were added to the assemblage of early crystalliz-
ing phases, leading to considerable complexities 
in geochemical evolution dependent on the vaga-
ries of removal of a complex assortment of 
phases. 
The field observations [Hill, this issue] can 
be used to construct a model for the solidifica-
tion of the eastern portion of unit III. This 
part of the pluton is approximately circular in 
plan, with outer walls dipping inward at 60-
700. Figure 9 presents a simple model of the 
form of this chamber as solidification pro-
ceeded. The bulk of the pluton is contained in 
the relatively mafic outer part; the successively 
shallowing inner cones hold less and less materi-
al in turn so that the inner core of K-poor gran-
odiorite represents a minor portion of the total 
pluton volume. Figure 10 shows Rb and Sr concen-
trations within this pluton as a fraction of per-
centage solidified (estimated from the model). 
Although estimation of the percentage solidified 
has relatively large errors and is dependent on 
the exact geometry chosen, relatively simple mod-
eling illustrates three features of this pluton: 
1. There is a considerable range in both Rb 
and Sr abundances in marginal rocks, and in in-
clusions interpreted as representing samples of 
liquid added to the growing magma chamber. 
2. Significant heterogeneity within the in-
clusion-rich outer part of the pluton apparently 
gives way at 70~ solidified to a relatively re-
stricted range of compositions from 70 to 90~ 
solidified. This apparent change in behaviour 
coincides with a major inclusion train (Figure 9) 
interpreted as representing a zone of relative 
movement within the magma chamber; these trace 
element data suggest that this movement may have 
been accompanied by considerable homogenization 
of liquids within the chamber at this time. 
Strontium isotope data [Hill and Silver, this 
issue] demonstrate that this homogenization was 
not complete. This inclusion train also repre-
sents an approximate inner limit to abundant in-
clusion trains within this pluton, suggesting 
that it marks a position in the solidification 
history after which recharge becomes less signif-
icant, or a position sufficiently distant from 
the pluton base that mafic inclusions were un-
likely to reach in any abundance. 
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3. If simple Rayleigh fractionation is as-
sumed, then both the Rb and Sr data are best mod-
eled with Dsol"d/li '" 1.0. For a model of c~osed-system fractfbnation this implies that Db~ot · te/li increases from .. 6 to .. 12 exactly sympaEhet1c~lly with falling biotite abundance 
and that DpLag/lia .. 2 throughout crystalliza-
tion. This 1s- thoOght unlikely; moreover, D ., 1 
will allow little modification of Rb and Sr con-
centrations in residual liquids, and this is 
clearly not the case for the felsic differenti-
ates, which have Rb = 80-100 ppm, Sr = 420-520 
ppm, compared to mean values for the pluton of 
.. 72 ppm Rb and =540 ppm Sr. More complex models 
allow relaxation of these constraints . 
Thermal and Chemical Buffering Within 
the Magma Chambers 
Although liquids spanning a wide compositional 
range appear to have been added to the growing 
magma chamber, the end products of solidification 
are relatively homogeneous. This implies that 
the bulk of the added liquid had a restricted 
compositional range, that processes within the 
magma chamber were efficient at blending batches 
of different composition liquids, that solidifi-
cation occurred under a restricted range of phys-
ical conditions, or that some combination of 
these factors was active. Trace element varia-
tion and Sr isotope heterogeneity [Hill and 
Silver, this issue] within the analyzed rocks 
provides evidence for compositional variability 
within the added pulses and also argue against 
efficient homogenization. Calculation of mean 
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plagioclase compositions for each rock using min-
eral chemical and mineral abundance data shows 
that the bulk plagioclase composition varies from 
An 30 to An~ 1 [Hill, 19811], with values <AnH be-
ing restricted to the volumetrically minor low-K 
granodiorites and felsic differentiates. 
Early Intrusives 
The early intrusives show a much wider range 
of chemistry than do the major tonalites. How-
ever, with little exception, the gross geochemi-
cal features of the major tonalites are shared by 
the smaller, earlier bodies. The small tonalite 
masses tend to have lower Ti02, Fe 203, MgO, and 
K20 at a given Si02 and slightly higher CaO and 
Al 203• Trace element abundances follow major 
element patterns: Rb, Pb, V, and Cr tend to be 
lower in these rocks. The granodiorite of Poppet 
Creek is distinctive because of its high K20 (and 
Rb, Pb, and Th) but also has higher MgO, Fe 203, 
FeO, V, and Cr and lower Al 203, Na 20, P20s, and 
Ga at a given Si0 2 than all other rocks. The K-
feldspar megacryst bearing granodiorite of Apple 
Canyon and a felsic dyke from Thomas Mountain 
have, in general, the chemical characteristics of 
the more felsic of the major tonalites, as do 
samples from the granite of Penrod Canyon with 
the exception of lower cao and higher Na 20. 
The granodiorite of Poppet Creek is much less 
plagioclase-rich than the other tonalites and K-
feldspar-poor granodiorites, has an unusually 
high hornblende:biotite ratio of •1, and contains 
significant K-feldspar even in the most mafic 
rocks. This pluton also has lower Ce/Y at a 
given Ce than almost any other rock, implying 
that it has a much less fractionated rare earth 
element ( REE) pattern. These chemical differ-
ences could result from a different source compo-
sition, from a different residual mineralogy, 
from different fractionating phases during ascent 
from the zone of partial fusion, or from some 
combination of these factors. 
The chemical data for the early intrusives 
provide information on the composition of magmas 
reaching this level of the crust immediately pri-
or to, and perhaps during, the filling of the 
large plutons. With the exception of the grano-
diorite of Poppet Flat all such liquids have geo-
chemical characteristics colinear with those of 
the major tonalite masses. Ponding and blending 
of these heterogeneous but related liquids could 
conceivably yield a mass with the composition of 
the major tonalites. Although the relative areas 
of the different rock types are qualitatively in 
accord with this suggestion, more data on the 
relative volumes of the different compositions 
are needed before this can be established quanti-
tatively. 
Samples From North and East of Tahguitz Peak, 
and the Role of Sediment Contamination 
Cropping out on the high plateau of the south-
ern San Jacinto Mountains north from Red Tahquitz 
are numerous small bodies of tonalite and grano-
diorite. Schlieren are common and locally abun-
dant, and comb structure is present within these 
heterogeneous rocks. Irregular masses of iron-
rich garnet are common adjacent to contacts with 
enclosing metasedimentary rocks, and small gar-
nets are observed for some distance (<100m) from 
sediment/intrusive contacts, suggesting that sed-
iment contamination may be more or less important 
in many of these rocks. Analyses of these 
samples are 1 is ted in Table 3. Only two rocks 
appear to be representative of "uncontaminated" 
undifferentiated materials on the basis of field 
criteria, and even these show considerable evi-
dence for recrystallization. These two samples 
(293 and 314) have geochemical characteristics 
similar to the other rocks from the San Jacinto 
Mountains. Five samples show effects of sediment 
contamination, and are characterized by extremely 
low Mg/(Mg + Fe2+), low Ti0 2 , variable Al 203, and 
high Ba, Zr, and REE. The contamination process 
is unlikely to involve simple mixing of sediment 
with a tonalitic melt [e.g., Bowen, 1928; Taylor, 
1980], and no attempt has been made to model the 
complex sequence of processes likely to have been 
operating. Nevertheless, the high-REE abundances 
in particular seem to reflect the high-REE con-
tents of the incorporated sediments (Table 4). 
Three geochemical features appear characteris~ic 
of sediment incorporation: low Mg/(Mg + Fe +) 
and extremely high Zr ( >350 ppm) and REE ( Ce > 
150x chondrites) abundances. These features are 
not seen in any rocks for which there is no a 
priori evidence for sediment incorporation. 
Discussion 
The detailed reexamination of crystallization 
and solidification within the basaltic Skaergaard 
Intrusion in light of advances in the understand-
ing of rheological and physical properties of 
magmas [HcBirney and Noyes, 1979] has stimulated 
much interest in studies aimed at elucidating the 
fluid dynamics of active magma chambers. For a 
calc-alkaline magma chamber, crystallization may 
lead to the development of a cap of less dense 
fractionated magma overlying relatively unmodi-
fied original liquid, with double-diffusive 
stratification also developing as solidification 
proceeds [Turner, 1980; HcBirney, 1980; McBirney 
et al., 1985]. 
A further complicating factor, the rate at 
which the magma chamber is filled, has been con-
sidered explicitly by Huppert and Sparks 
[1980a,b], Huppert and Turner [1981a,b] and 
Huppert et al. [1983] and, from a quite different 
viewpoint, by O'Hara [1977, 1980] and O'Hara and 
Mathews [1981]. It is unlikely that a large mag-
ma chamber, such as those exposed in the San 
Jacinto Mountains, fills instantaneously but 
rather must be filled over some considerable 
length of time. It is difficult to estimate the 
rate at which such reservoirs were filled. Re-
cent estimates of magma transport rates into vol-
canic systems include 0.1 km3 yr-1 
(or 3m3 s-1) for Kilauea [Swanson, 1972], 
0.1-0.5 m3 s-1 for the various volcanic centers 
of the Taupo Rift Zone, New Zealand [Wilson et 
al., 1984], and 7-5500 m3 s-1 for Mount St. 
Helens during its 1980 eruptive phase [Scandone 
and Malone, 1985J. rt appears unlikely that any 
plumbing system through which the growing magma 
chamber is fed would remain open for any length 
of time, but rather upward movement of liquid 
would be expected to be episodic as feeder dykes 
or conduits open and close in response to magma-
tic and lithostatic stresses. The large San 
Jacinto magma chambers have volumes of order 1-3 
x 103 km3; at magma flow rates of 1 m3 s-1 these 
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TABLE 4. Metasedimentary Rocks 
DESERT DIVIDE GROUP WINDY POINT METAMORPHICS 
LTS308 LTS309 LTS310 LTS313 LTS312 LTS389 LTS386 LTS388 LTS385 LTS387 
O=S 
Total 
Ba 
Rb 
Sr 
Pb 
Th 
u 
Zr 
Nb 
y 
La 
Ce 
Nb 
Sc 
v 
Cr 
Mn 
Ni 
Cu 
Zn 
Ga 
56.22 
1.06 
20.98 
2.17 
5.38 
0.07 
2.37 
0.22 
1.33 
5.10 
0.08 
0.95 
1.79 
0.70 
2.02 
0.27 
0.47 
100.24 
870 
129 
114 
37 
20.5 
3.6 
244 
20.0 
46 
51 
114 
19 
134 
116 
505 
52 
43 
144 
27.8 
87.33 
0.32 
6.09 
0.26 
1.19 
0.02 
0.42 
0.86 
1.58 
0.77 
0.01 
(0.02 
0.50 
0.13 
0.14 
0.12 
99.74 
380 
34.5 
78 
7 
2.0 
3.2 
338 
9.0 
4 
5 
14 
6 
18 
35 
150 
2 
4 
31 
7.4 
89.80 
0.32 
4.77 
0.34 
0.94 
0.02 
0.36 
0.54 
1.25 
0.55 
0.02 
(0.02 
0.47 
0.09 
0.12 
0.09 
99.68 
175 
27.5 
59 
5 
8.2 
2.8 
302 
8.5 
8 
15 
33 
5 
18 
31 
145 
1 
3 
25 
5.6 
54.07 
1.03 
24.11 
1.76 
7.13 
0.07 
2.81 
0.49, 
1.44 
4.67 
0.09 
(0.02 
1.43 
0.32 
0.19 
0.27 
99.88 
975 
183 
119 
6 
26.0 
3.8 
244 
23.0 
26 
55 
118 
18 
106 
147 
560 
60 
<1 
100 
30.8 
could be filled in 3-10 x 10~ years. Periodic 
injection of liquid into the base of a cooling 
magma chamber will affect the thermal and convec-
tive regime within the chamber [e.g., Huppert and 
Sparks, 1980b; McBirney et al., 1985]; this may, 
in turn, strongly influence the solidification 
and fractionation history of the chamber as well 
(McBirney et al., 1985). The development of 
fractionated liquids will depend on the effi-
ciency of separation of the liquid from crystal-
lizing phases. Both horizontal stratification 
and periodic replenishment could serve to isolate 
volumes of magma from each other, thus enabling 
initial variations in either geochemical or iso-
topic properties to be preserved in the solidi-
fied rock. 
The data presented above for the rocks of the 
San Jacinto Mountains enable limitations to be 
placed on the importance of some of these pos-
sible processes. The field data are interpreted 
as indicating that each magma chamber was filled 
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by a large number of inputs of silicate liquids 
having a wide compositional range but dominated 
by liquids of tonalitic composition. The rela-
tive homogeneity of the three major tonalite 
units argues for some mixing of these various 
batches of magma, as do oxygen isotope data [Hill 
et al., 1986]. The consistency of mineral chem-
istry throughout the three major plutons argues 
for consistency in physico-chemical conditions 
during crystallization; the plagioclase data in 
particular appear to require considerable unifor-
mity and stability in both the temperature and 
the partial pressure of water within the crystal-
lizing liquids. 
Modelling Trace Element Behaviour 
in Silicate Liquids 
The application of trace element modeling to 
the elucidation of magmatic processes in isola-
tion has been extensively reviewed by Allegre and 
Hill et al.: San Jacinto, 2, Geochemistry 10,367 
c: 
-~ 
ti 200 
.... 
-c: Q) 
u 
c: 
0 
~ 
150 
0 20 40 60 80 0 20 40 60 80 100 
Percent Solidified 
Fig. 11. Comparison showing differences between 
SFC and RFC processes. Solid curves give RFC 
trajectories for labelled values of D, X, and 
n. Dashed curve gives the SFC trajectory for D = 
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Minster [ 1978] and Hanson [ 1978], among others. 
O'Hara [ 1977] pointed out that consideration of 
such simplified systems where processes are 
treated in isolation can lead to misleading con-
clusions, and Taylor [1980] has studied the iso-
topic, geochemical and thermal effects of one set 
of interactive processes, the contamination of a 
crystallizing (and fractionating) magma cham-
ber. DePaolo [ 1981a] subsequently developed the 
analytical expressions that describe this process 
and noted explicitly that the cases of combined 
assimilation-fractional crystallization (AFC) and 
combined recharge-fractional crystallization 
(RFC) are mathematically similar. 
Work on such interactive systems has demon-
strated that these more complex and probably geo-
logically more realistic situations yield geo-
chemical and isotopic trajectories quite differ-
ent from those obtained from simpler systems. In 
general, these effects are nonlinear, meaning 
that extrapolated trends do not necessarily pass 
through the composition of either end-member. 
DePaolo and his co-workers [DePaolo, 1981a,b; 
Farmer and DePaolo 1983, 1984] have demonstrated 
that for one simplified case (AFC) it is possible 
to model almost any data array by suitable varia-
tion of the model parameters. The mathematical 
similarity between the AFC and RFC processes thus 
implies that any general conclusions drawn for 
the AFC case must necessarily hold for the RFC 
case as well, with the obvious difference that 
the compositional and isotopic contrasts between 
chamber and added material will usually be much 
smaller for the latter (RFC) process. 
The common linear element-element covariation 
within calc-alkaline rock suites has led many 
workers to suggest that mixing (or unmixing) is 
an important process in the generation of these 
rocks. It is becoming apparent that more than 
one process is involved in the generation of 
these linear relationships. Linear element co-
variation in southeastern Australian granites has 
been interpreted as resulting from the incomplete 
unmixing of a mafic residuum ("restite") from a 
more felsic granitic or granodioritic liquid 
[e.g., Chappell, 1966, 1978; White and Chappell, 
1977; Compston and Chappell, 1979]. Linear rela-
tionships may also result from the m1x1ng of rel-
atively unfractionated and relatively fraction-
ated liquids near the top of a fractionally crys-
tallizing magma chamber [McBirney, 1980; McBirney 
et al., 1985; Baker and McBirney, 1985]. There 
appears no doubt that this mechanism can be quite 
efficient in developing a range of compositions 
within a cooling pluton, as shown by both experi-
mental work [McBirney, 1980; McBirney et al., 
1985; Turner, 1980] and by the study of exhumed 
natural examples [e.g., Wilcox, 1954; Bailey et 
al. , 1976] • A variant on this process is where 
the felsic cap contains a significant component 
derived from assimilation or melting of country 
rocks, and mixing is between relatively mafic and 
felsic materials derived ultimately from quite 
different sources [e.g., Gerlach and Grove, 1982; 
Grove et al., 1982]. 
Combined recharge-fractional crystallization 
provides a third mechanism for developing recti-
linear variation within a oogenetic suite of 
rocks. Here the mixing is between the fraction-
ated liquid (or liquids) within the magma chamber 
and the new ("primitive") liquid (or liquids) 
being periodically added to the developing sys-
tem. 
These three processes need not operate in iso-
lation; a pluton could develop a lid of less 
dense fractionated material at the same time as 
relatively dense "primitive" material is being 
added to the underlying liquids, and these "prim-
itive" liquids could contain various amounts of 
restite, giving a final rock produced by mixing 
(or unmixing) at three different scales. If vol-
umes of liquid become isolated from the bulk of 
the magma chamber (by double-diffusive induced 
stratification, by magma chamber geometry, by a 
hiatus in the supply of new magma, or for some 
other reason), then a wide and complex range of 
variation may be expected in the final products 
of igneous activity. 
One important feature of the RFC process is 
that by continually adding new batches of "primi-
tive" material it has the potential to buffer 
both the composition and physical conditions of 
the liquid to within a relatively narrow range. 
This enables a large volume of material with a 
narrow compositional range to crystallize from a 
liquid at approximately uniform temperature. 
Figure 11 shows diagramatically the difference 
between simple closed system ("Rayleigh") frac-
tionation (SFC) and fractionation with recharge 
(RFC) for the simple case where the amount of 
recharge exactly balances the amount solidified 
over any time interval. This is modeled by 
D-1 Cn = Cn_ 1 (1-X) (1-X) + XCn=O (1) 
where CQ is the concentration of the element in 
the sol1d (or liquid) at the nth step, X is the 
fraction of liquid removed (and replenished) at 
each stage, and D is the solid/liquid partition 
coefficient for the element under considera-
tion. From Figure 11b it can be seen that if 
n>>1/X, then the concentration of the element in 
the precipitated solid (and in the residual li-
quid) rapidly reaches a limiting value. For this 
case, the volume of liquid present at any one 
time relative to the total final pluton volume is 
small; the liquid in the chamber is processed 
efficiently, and the steady state is soon 
reached. For n=1/X, C rises slowly toward the 
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Fig. 12. RFC model for unit III. Symbols as for 
Figure 10. For X relatively large ( .. o. 1) the 
liquid within the chamber rapidly evolves to a 
relatively fractionated composition that precipi-
tates rocks that closely match the compositions 
of the unfractionated added liquids. Upon cessa-
tion of recharge, the remaining fractionated li-
quid can further evolve to yield small volumes of 
highly fractionated rocks. 
steady state value but will not reach it. Figure 
11 illustrates also another important feature of 
RFC; for D - 1, once steady state has been 
reached, then the composition of the precipitated 
solids matches closely that of added liquid. For 
example, for D = 0.5 and an initial liquid con-
centration of 100 ppm (of element A), the steady 
state solid has 97 ppm A and the steady state 
liquid 195 ppm A; for D = 2 and initial liquid 
100 ppm, the steady state solid has 105 ppm. The 
correspondence between added liquid and steady 
state solid compositions for these examples is 
striking; however, the liquid from which the sol-
id precipitates is shifted markedly in composi-
tion from the added materials. 
There is a limiting value to which the RFC 
process can proceed (i.e., n is finite). At this 
point, when recharge ceases there is still e-
volved liquid present in the chamber, and this 
liquid will solidify under different conditions, 
perhaps by a SFC process. If the pluton fills by 
the addition of many small increments of liquid 
to a magma chamber that is small relative to the 
volume of the final solidified pluton, then the 
amount of highly fractionated liquid that can be 
obtained upon cessation of RFC is small. Con-
versely, if the pluton grows by addition of a few 
large increments to a large chamber, then a large 
amount of late, fractionated liquid can result. 
A change in the concentration of an element in 
the recharging liquid is reflected rapidly in the 
concentration of that element within the magma 
chamber if input of the new composition is main-
tained. Recharge with continually variable li-
quids will give rise to heterogeneous solids that 
have a smaller compositional range than do the 
added heterogeneous liquids. 
Application to the San Jacinto Intrusive Complex 
A complete, quantitative model for solidifica-
tion of the San Jacinto Intrusive Complex cannot 
be developed with the available data. In par-
ticular, the compositions of liquids from which 
the observed solids were crystallized are not 
well constrained, and the field evidence for pe-
riodic inputs of new magma rule out adoption of a 
simple closed-system fractionation model. A fur-
ther possible constraint is the possibility 
(thought unlikely for field reasons) that sub-
stantial volumes of liquid have been lost from 
the system by removal (eruption) from the tops of 
the chambers. For the case of an RFC magma cham-
ber, perhaps the simplest plausible case for 
these dynamic systems, the system is undercon-
strained and a unique solution impossible, Fig-
ure 12 illustrates some aspects of an RFC model 
for unit III. For X large and 1/X«n, the con-
centration of an element will change markedly in 
the first 10- 15~ of rocks produced and then re-
main approximately constant thereafter. This 
contrasts markedly with the SFC case where for 
D-1, the marked change in concentration occurs in 
the last rocks to crystallize. For example, if 
the steady state Sr concentration for unit III 
was about 540 ppm, as implied by Figure 12, then 
for D:;olidDl,q = 1. 11, the first solids to form 
had aoout bOO ppm Sr and were produced from li-
quids containing 540 ppm Sr. Insufficient data 
on marginal rock and liquid compositions are a-
vailable to tell whether this is the case; how-
ever, the more mafic, presumably early solidified 
rocks from units I and II contain 600±20 ppm Sr, 
in reasonable accord with this model. This dia-
gram further illustrates the ability of the RFC 
process to produce rocks that closely mimic the 
compositions of the liquids added to the system 
(though not the compositions of the liquids from 
which they precipitated). For this model the 
added liquids contain 75 ppm Rb and 540 ppm Sr; 
the steady state solids contain 74 ppm Rb and 544 
ppm Sr, close approximations to the primary li-
quid compos! tions. This process would also act 
to maintain the Ca/(Ca + Na) and Mg/(Hg + Fe) of 
individual phases close to those of the added 
liquids, as is seen for minerals from the tonal-
ites (precipitates) and the bulk composition of 
the inclusions and dyke rocks (representing added 
liquids). 
In order to develop a quantitative RFC model 
for solidification of the San Jacinto rocks it is 
necessary to know the partition coefficients in-
dependently, as for any n elements the RFC equa-
tion generates n+2 unknowns if the compositions 
of either the evolving solids or liquids are 
known. However, the model developed from field 
observations for RFC magma chambers [Hill, this 
issue] appears capable of satisfying the geochem-
ical constraints. An RFC process can produce a 
large volume of homogeneous rock and, by buffer-
ing the composition of the liquid in the chamber, 
can restrict the composition of minerals precipi-
tated within that chamber. Finally, once re-
charge stops (or a portion of the chamber is iso-
lated), solidification of the remaining evolved 
liquids can produce small volumes of highly frac-
tionated materials. 
Other chemical features of the major tonalite 
units can be explained by this model. Figure 13 
shows the covariation of Ce abundance and an in-
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dicator of fractionation within the REE, Ce/Y. 
The more mafic rocks show a linear relationship 
of Ce/Y with Ce; however, as the rocks become 
more felsic, Ce/Y increases rapidly with little 
variaton in Ce abundance. The triangular data 
array can be interpreted as resulting from mixing 
of "primitive" liquids having a range of Ce and 
Ce/Y with fractionated liquids having highly var-
iable Ce/Y but relatively unchanged Ce. A large 
variation of Ce/Y within a oogenetic sequence of 
rocks has been suggested by Gromet and Silver 
[1983] to be a feature of in situ fractionation 
where REE behavior is controlled by minor phases 
(titanite, allanite, zircon), and this is pre-
cisely the situation for the San Jacinto rocks. 
The K-Rb and K-U data can be interpreted simi-
larly. The mafic rocks have K-Rb and K-U rela-
tions largely inherited from the "primitive" li-
quids. In situ fractional crystallization leads 
to high K at relatively high Rb and U, and mixing 
of these fractionated liquids with either less 
fractionated liquids or with new volumes of 
"primitive" liquid gives the triangular data ar-
ray of Figure 6. 
The effects of replenishment will depend on 
the frequency, relative volume, and chemical and 
thermal properties of each liquid increment. 
Frequent addition of small volumes of liquid will 
lead to only small variation in the chemical 
properties of the concurrent solid products. 
Significant modification of the liquid within the 
evolving magma chamber requires a prolonged so-
lidification interval during which recharge is 
unimportant, either within an isolated portion of 
the chamber or for the chamber as a whole. As 
the supply of new magma dwindles and then ceases, 
crystal fractionation will eventually become the 
dominant petrogenetic process within the magma 
chamber. Homogeneous rocks produced during the 
RFC phase will give way inward to rocks showing 
evidence for solidification from chemically and 
thermally evolving liquids. This is seen in the 
central part of unit III, and to a lesser extent 
in units I and II. The extent to which fraction-
ation proceeds is partly a function of liquid 
composition. A relatively K-poor system such as 
San Jacinto cannot develop a large volume of K-
rich residual liquid with a relatively low solid-
ification temperature. This is particularly the 
case if biotite is a major crystallizing phase 
from a K-poor system, effectively preventing ac-
cumulation of a K-rich residual liquid. Solidi-
fication of the bulk of the system thus takes 
place over a relatively restricted temperature 
interval, giving rise to only small variations in 
mineral and rock composition. In contrast, K-
rich systems such as the large zoned plutons of 
the Sierra Nevada batholith may develop large 
volumes of residual liquid with a relatively low 
solidus temperature, and extreme fractionation 
may result [Bateman and Chappell, 1979; Bateman 
and Nokleberg, 1978]. The K-poor nature of the 
Peninsular Ranges batholith and the domination of 
the eastern part of the batholith by huge volumes 
of tonalite [Larsen, 1948; Silver et al., 1979) 
contrasts with the relatively K-rich, heterogene-
ous rocks of the magmatic series of the Sierra 
Nevada batholith [Bateman and Dodge, 1970; 
Presnall and Bateman, 1973; Bateman and Chappell, 
1979] and reflects compositional control of the 
extent of fractionation. The rocks of the San 
Jacinto Mountains are thus seen to be an integral 
part of the eastern Peninsular Ranges batholith 
and presumably formed under similar conditions 
from broadly similar source rocks. 
Physical Conditions Within the Magma Chambers 
One of the aims of this project was the eluci-
dation, if possible, of physical conditions with-
in the solidifying magma chambers. Field evi-
dence for relative movement between magma and 
magma chamber walls and between different volumes 
of magma is abundant and is described by Hill 
[this issue]. The estimates of magma chamber 
temperature (>900°C) and water content (•3 wt J) 
made by comparison of the observed paragenetic 
sequence with those obtained experimentally 
[Hill, this issue], and the andesitelike composi-
tion of the mafic inclusions and tonalites allows 
estimation of the likely viscosity of the magmas 
to be .. 105-107 P. These estimates allow consi-
deration of likely fluid mechanical conditions 
within the magma chambers. 
The Rayleigh number based on temperature is 
given by 
Ra = apgt.Th3 
lliC 
(2) 
where t.T is the temperature difference between 
the cooler roof and hotter floor of a magma cham-
ber of thickness h, a is the coefficient of ther-
mal expansion ( .. 5x 1o-s deg-1), ec is the thermal 
diffusivity (•4x10-3 cm2 s·') 11 the viscosity (in 
poise), and p and g are density and acceleration 
due to gravity, respectively. For the San 
Jacinto magma chambers, h is large ( 10s em or 
greater) and dominates the relationship; Ra is 
large (order 1010 or greater). 
Ra specifically considers the effects of den-
sity-driven instability related to the effects of 
an imposed thermal gradient. A superimposed 
chemical gradient may also produce a density gra-
dient within a body of fluid. The effect of this 
may be to either stabilize or to destabilize a 
system with a concurrent temperature-induced den-
sity gradient, depending on the particular 
case. A Rayleigh number based on density differ-
ence can be defined [Richter and McKenzie, 1981] 
Rp = gp(t.p/p)h3 (3) 
lliC 
where t.p is the (compositionally induced) density 
contrast over distance h and p is the mean densi-
ty of the system. 
If a compositionally induced upward decrease 
in density is insufficient to balance a downward 
decrease in density related to a temperature gra-
dient (thermal expansion), the system is un-
stable. The ratio Ra/Rp [=at.T(p/t.p)] thus gives 
an indication of the relative importance or tem-
perature versus chemically induced density gradi-
ents. Richter and Johnson [1974] suggest that if 
Ra > •10", the likely case for the San Jacinto 
plutons, then the system will convect regardless 
of the value of Rp. If (for Ra > 10") Rp > Ra, 
then the system is likely to be broken into a 
series of layers with convection taking place 
within each layer; if Ra > Rp, then the whole 
system (of thickness h) will convect [Richter and 
McKenzi~, 1981]. Because of the magnitude of a 
(a5x10- ), Rp>Ra is the expected case within a 
magma chamber unless t.T is unusually large or t.p 
effectively zero. This implies that layered con-
vection is expected to be the normal case within 
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Fig. 13. CellC versus Ce for San Jacinto rocks 
and inclusions. Data form triangular array in-
terpreted as mixing between I'iquids giving mafic 
tonali tes and variably fractionated felsic dif-
ferentiate-like liquids. Large range in Ce/Y is 
predicted for systems where REE behavior is con-
trolled by precipi~tion of accessory phases (al-
lanite, titanite, . zircon) [Gromet and Silver, 
1983]. 
a large, low-yield-strength-liquid-containing 
crustal magma chamber. Note that the ratio Ra/Rp 
is independent of both h (magma chamber height) 
and n (liquid viscosity). 
The consistency of mineral compositions 
throughout the crystallization history of the San 
Jacinto liquids suggests that there were not 
large long-lived temperature gradients within the 
magma chambers. It is more difficult to estimate 
the magnitude of Ap. Rocks within unit III cer-
tainly become less dense inward and upward, but 
whether this situation also occurred while the 
magmas were still liquid cannot be ascertained. 
Residual liquids developed during crystallization 
at the inward sloping walls would rise upward, 
giving a mechanism for developing a density gra-
dient within the overlying liquids. The avail-
able field data are inadequate to determine the 
nature of convection within the magma chamber, 
other than to suggest that it may have been com-
plex and variable. 
Rapidly increasing yield strength within a 
multiply-saturated crystal-rich J!lagma would tend 
to damp out convective behavior as crystalliza-
tion proceeds. Viscosity of the magma will also 
increase as crystallization proceeds but would 
need to increase to some 1010-1011 P before this 
factor alone would inhibit convection within a 
magma chamber of considerably vertical dimensions 
(1 km or more) and with even a small superimposed 
temperature gradient (10°C). 
Any convective pattern is likely to have been 
influenced by the shapes of the magma chambers. 
In unit I II, in particular, the thin "wings" of 
the chamber edges would probably be quite effec-
tive in isolating less than whole-pluton-scale 
convective cells from each other, even within a 
rapidly overturning system. 
Conclusions 
1. The bulk of the igneous rocks of the San 
Jacinto Intrusive Complex have a limited range of 
chemistry. Si02 for the majority of rocks is 
between 63 and 68 wt ~. Over 60~ of samples from 
units I and II have between 63 and 65 wt ~ Si02 ; 
60~ of samples from unit III fall in the re-
stricted range 66.5 < Si0 2 < 68.0). Liquids be-
ing added to the magma chambers spanned at least 
the compositional range from 55 to 66 wt ~ Si0 2 ; 
liquids of tonalite composition, however, appear 
to have predominated. Addition of new volumes of 
magma buffered both chemical and thermal condi-
tions within the magma chambers. The homogeneous 
nature of vast volumes of rock is interpreted as 
indicating that there must have been considerable 
mixing of these added materials into the liquids 
already resident in the magma chamber. Oxygen 
isotope data [Hill et al., 1986] are consistent 
with this conclusion. 
2. There appears to be a dichotomy between 
the composition of the mafic tonalites (62.5 < 
Si02 < 65.5) and the more chemically evolved 
felsic tonalites (Si0 2 > 68) and minor granodio-
rites of the major plutons. Other tonalites have 
intermediate properties. The mafic tonalites 
show linear interelement covariation for all ele-
ments. The most felsic rocks have field and geo-
chemical characteristics consistent with deriva-
tion by fractional crystallization processes in-
volving the observed mineral assemblage. This 
dichotomy appears to result from the operation of 
processes at different stages in the evolution of 
these systems. The more mafic rocks are inter-
preted as having crystallized from liquids that 
had largely acquired their geochemical character-
istics prior to introduction into the relatively 
high-level magma chambers, while the most felsic 
rocks are interpreted as having crystallized from 
liquids that had undergone considerable chemical 
evolution within the magma chamber. Many of the 
chemical features of the San Jacinto rocks can be 
interpreted as having resulted from mixing of 
these two types of genetically related liquids 
within a dynamic magma chamber. 
3. Aspects of trace element characteristics 
of these rocks (K-Rb, K-U, Ce-Ce/Y) are compat-
ible with an RFC (recharge-fractional crystalli-
zation) process operating within a dynamic magma 
chamber. An RFC process is also capable of ex-
plaining the correspondence of tonalite (precipi-
tate) and inclusion (liquid) compositions; for D 
.. 1, precipitated solids mimic closely the geo-
chemical characteristics of added liquids. 
4. The thermal Rayleigh number for these 
bodies early in their crystallization histories 
is estimated to be >1010. The implication is 
that the liquids within the magma chamber were 
convecting, at least throughout the early stages 
of inflation and solidification. This is consis-
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tent with field evidence for fluid flow within 
the magma chambers and the evidence for mixing 
new, added liquids with those resident in the 
magma chamber. It is not possible to determine 
whether convection involved the whole chamber or 
was restricted to narrow, horizontally extensive 
layers (perhaps double-diffusively induced layer-
ing). Both may have occurred. 
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